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Abstract: The increasing use of nanomaterials in consumer and industrial products has 
aroused concerns regarding their fate in biological systems. An effective detection method 
to evaluate the safety of bio-nanomaterials is therefore very important. Titanium dioxide 
(Ti0 2 ), which is manufactured worldwide in large quantities for use in a wide range of 
applications, including pigment and cosmetic manufacturing, was once thought to be an 
inert material, but recently, more and more studies have indicated that TiC>2 nanoparticles 
(TiC>2 NPs) can cause inflammation and be harmful to humans by causing lung and brain 
problems. In order to evaluate the safety of TiC>2 NPs for the environment and for humans, 
sensor cells for inflammation detection were developed, and these were transfected with 
the Toll-like receptor 4 (TLR4) gene and Nuclear Factor Kappa B (NF-kB) reporter gene. 
NF-kB as a primary cause of inflammation has received a lot of attention, and it can be 
activated by a wide variety of external stimuli. Our data show that TiC>2 NPs-induced 
inflammation can be detected by our sensor cells through NF-kB pathway activation. This 
may lead to our sensor cells being used for bio-nanomaterial safety evaluation. 
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1. Introduction 

Nanotechnology is a highly active field. A large variety of nanomaterials have be prepared and 
investigated for numerous potential technological applications. For example, many classes of metallic, 
metallic oxide, organic, or organic -inorganic biocompatible nanoparticles have been widely 
synthesized and commercialized. Given their unique properties, there are high hopes for these 
nanoparticles to be employed for biomedical applications, for instance as drug-delivery agents [1,2] or 
imaging contrast agents [3,4], where the nanoparticles would be directly ingested or injected into the 
body. It is forecasted that the production of nanoparticles will increase to 58,000 tons per year from 
2011 to 2020 [5]. Although these nanomaterials, such as nanotubes, nano fibers, fullerene derivatives, 
quantum dots, are expected to be widely applied, little is known about their effects on the environment 
and their health effects upon human exposure. 

A controversy [6-16] erupted after an investigation revealed that TiC^ NPs found in sunscreens 
could cause brain damage in mice [17]. Of note, the "nano toxicity" of TiC^NPs is dependent on their 
particle size. Ti0 2 NPs are usually recognized as having three morphological states: primary particles, 
aggregates, and agglomerates. Primary particles are single crystals bound by crystal planes. Aggregates 
are sintered primary particles connected by crystal faces. TiC>2 NPs are multiple primary particles 
and/or aggregates held together by Van der Waal's forces. In general, for commercial products such as 
pigments, primary particle sizes within 0.2-0.3 jam in diameter are used, while almost no particles less 
than 0.1 jam can be found. It is thus considered practical to examine particles with sizes ranging from 
200 nm to less 1 jam in diameter [18]. In our previous study, based on the mRNA expression of 
biomarkers of stress, inflammation, and cytotoxicity in Ti0 2 NPs-exposed cells, we found that 
compared with small TiC^NPs (about 170 nm in average diameter), large TiC^NPs (about 600 nm in 
average diameter) have a larger effect on cell viability and gene expression, such as for the expression 
of inflammation markers interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor (TNF), and 
the universal toxicity marker heat shock protein [19]. This is consistent with a result reported by the 
IARC (1989) showing that high doses of TiC>2 can cause inflammation (lung damage or fibrosis) in vivo. 

Inflammation is the earliest response to outside infection or damage to the body, and can arouse an 
immune response against invading pathogens like bacteria and viruses. In addition, a number of 
chronic diseases cause inflammation at the incunabular stage, such as heart disease, diabetes and gout. 
However, at the same time, pre-inflammation can be detrimental to the body, especially in chronic 
inflammation that can lead to rheumatoid arthritis, asthma, or cancer. Accordingly, in order to prevent 
disease, it is necessary to detect unwanted pre-inflammation activation in a timely manner. 

NF-kB as a primary cause of inflammation has received a lot of attention. As NF-kB complexes can 
be found in all cell types, NF-kappa protein is regarded to be an adjuster of the immune response, 
inflammatory processes, and proliferative and apoptotic regulation of the cell. Furthermore, many 
different stimuli associated with stress or injury are related with NF-kB, such as cytokines (e.g., IL-1, 
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IL-6, IL-8, TNF), bacterial and viral products (e.g., lipopolysaccharide (LPS), sphingomyelinase, 
double-stranded RNA), proapoptotic and necrotic stimulus (e.g., oxygen free radicals, ultraviolet 
light) [20]. Therefore, NF-kB is a key element for pre-inflammation detection. This has led to great 
interest in investigating the inducing mechanisms of NF-kB. A simplified model would be as follows. 
Inflammatory signals start from the receptors, such as TLR4, which can form a complex with a variety 
of inducements on the surface of the cell membrane, and result in an inflammatory signal sent out to 
the cytoplasmic side of the membrane. Then the inflammatory signal stimulates the activation of 
NF-kB in the cytosol. When NF-kB is activated, it dissociates from its inhibitory protein IkB. Then 
NF-kB is released and is allowed to migrate to the nucleus of the cell where it activates the 
transcription of pre-inflammatory genes. 

Live cell-based biosensors have received increasing attention due to their high sensitivity and 
accuracy. Live cell biosensors have great advantages in both detection limitation and testing speed 
compared with traditional testing methods, such as cell viability tests [21]. In our laboratory, using 
molecular biology techniques, we have created next-generation sensor cells that can detect changes in 
gene expression in response to drugs and other external stimuli. Heat shock protein 70B' (HSP70B') 
gene-containing sensor cells can represent a protein related cytotoxic response caused by cadmium 
chloride and other cellular toxins [22,23]. Another sensor cell system with an introduced B-cell 
translocation gene 2 (BTG2) promoter and a reporter gene (luciferase or red fluorescence protein) can 
identify DNA damage-related cytotoxic stimulation [21,24]. 

Considering that the use of nanomaterials and public exposure is increasing, accurate and fast 
measurement techniques to evaluate their safety are required. In this work, sensor cells for detecting 
pre-inflammation through the NF-kB pathway were constructed. We tested the feasibility of detecting 
inflammation with our sensor cells by using the strong inflammation stimulator, LPS. Then we tested 
the exposure of TiC>2 NPs to the sensor cells. This system is a potentially sensitive and convenient 
method for verifying the safety of nanomaterials. 

2. Experimental Section 

2.1. Preparation ofTi02NPs 

Two Ti0 2 NPs samples were used with two different sizes, which were described in a previous 
study [19]. TiC>2 NPs (TiC^: Degussa Aeroxide P25) were dispersed in distilled water and autoclaved 
at 120 °C for 20 min. The TiC>2 NPs suspension was sonicated for 10 min at 200 kHz by a high 
frequency ultrasonic sonicator (MidSonic 600, Kaijo, Japan) after cooling to room temperature. This 
TiC>2 NPs suspension was named "large TiC>2 NPs". Simultaneously, a fraction of the TiC>2 NPs was 
selected by centrifugation (700 x g, 5 min) at 4 °C. The supernatant was carefully recovered and named 
"small TiC>2 NPs". The concentrations of both TiC>2 NPs samples were determined using a UV-VIS 
spectrophotometer (UV-1600, Shimadzu, Japan). Both samples were adjusted to the same 
concentration by adding distilled water, and then stored at 4 °C until used. The particle size 
distribution was measured by dynamic light scattering (ZetasizerNano-ZS, Malvern Instruments, UK), 
according to the manufacturer's instructions. Both samples were diluted by cell culture medium 
supplemented with 10% fetal bovine serum, and the particle sizes of small and large TiC>2 NPs samples 
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were determined to be 169 ± 55 nm and 572 ± 243 nm, respectively. After incubation at 37 °C for 24 h, 
the size distribution of both particle samples remained mostly unchanged. The agglomerate Ti02 NPs 
sizes were stable for at least 6 months. 

2.2. Cell Cultures 

The mouse embryonic fibroblast cell line NIH/3T3 was cultured in Dulbecco's modified Eagle's 
medium (Sigma) supplemented with 10% fetal bovine serum (Biowest), 100 U/mL penicillin, and 
100 (j,g/mL streptomycin (Invitrogen) at 37 °C in a humidified atmosphere with 5% CO2. 

2.3. Preparation of Sensor Cells 

Two reporter gene plasmids, pGL3-Control vector (pGL3 plasmid) (Promega) and 
pGL4.32[luc2P/NF-KB-RE/Hygro] vector (NF-kB reporter plasmid) (Promega), were employed as a 
blank control and an NF-kB signal reporter, respectively. Both contain SV40 promoter and enhancer 
sequences, resulting in strong expression of luc in many types of mammalian cells. But compared with 
the blank control, the NF-kB reporter plasmid can promote luc expression when NF-kB is released by 
a stimulator. The pRL-CMV vector, which contains the CMV promoter upstream of the Renilla 
luciferase gene (Promega), was transfected to serve as an internal control for variations in transfection 
efficiency. The TLR4 expression vector, pUNOl-hTLR04a (InvivoGene), was also introduced into the 
sensor cells to improve the detection ability. All transfection experiments were performed with 
Lipofectamine™ LTX Reagent (Invitrogen) according to the supplier's protocol. NIH/3T3 cells were 
seeded in 24-well plates. After overnight incubation, cells were co-transfected with a reporter gene 
plasmid (pGL3 plasmid or NF-kB reporter plasmid) and pRL-CMV vector plasmid using 
Lipofectamine™ LTX Reagent (Invitrogen), and medium was renewed after 4-6 h post-transfection. 

2.4. Inflammation Stimulus Exposure (LPS or HO2 NPs) 

LPS E. coli J5 was purchased from Calbiochem (EMD Biosciences, Inc., San Diego, CA, USA). 
LPS or two kinds of TiC>2 NPs (large TiC>2 NPs and small TiC>2 NPs) were added as stimuli to culture 
medium immediately before the medium was applied to the cells. One day after transfection, the 
culture medium was replaced by medium containing the stimuli at the intended concentration, and then 
the cells were harvested after the indicated times. 

2.5. Detection of Inflammation Caused by Stimuli Using the Sensor Cells 

Luciferase activity was assessed by the Dual-Luciferase Reporter Assay System (Promega) as 
described in our previous work [24]. The induction ratio of the stimuli (LPS or TiC>2 NPs) response 
was evaluated as follows. The cells were transfected with pGL3 plasmid or NF-kB reporter plasmid as 
described above. With or without stimulus exposure, the luciferase induction ratio was evaluated with 
the luciferase activity measured. The stimulus response was calculated by the luciferase induction ratio 
of the sample with exposure to the stimulus divided by that without exposure. 

All results from at least three independent tests were evaluated using the Dunnet multiple 
comparison test. Results are expressed as means ± standard deviation (S.D.). 
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3. Results and Discussion 

3.1. Experimental Results 

In order to ascertain the feasibility of detecting inflammation by our sensor cells, a series of 
experiments were conducted, such as to determine the dose-response (Figure 1) and exposure 
time-course of LPS (Figure 2). The LPS response data were calculated by the intensities of relative 
luciferase activities as described in the experimental section. 

Figure 1 shows a scattergram of the LPS response of NIH/3T3 cells transfected with the TLR4 
expression vector and NF-kB reporter plasmid exposed to different concentrations (0, 5, 10, 20, and 
30 ng/mL) of LPS for 12 h. The data show that at the low concentration, the LPS response did not 
change much. And with increasing concentrations of LPS, the LPS response increased sharply. After it 
reached a peak (20 ng/mL), the LPS response decreased due to the death of the cells. We observed that 
around a concentration of 20 ng/mL LPS, a small quantity of cells was suspended in the medium, 
indicating cell death. Higher concentrations (50 ng/mL and 100 ng/mL LPS) were also tested, and a 
large number of cells died resulting in a low LPS response (a little higher than the negative control, 
data not shown). Therefore, we fixed the concentration at 20 ng/mL LPS for follow-up testing. This 
data also suggested that the detection range of our sensor cells would be from 10 ng/mL to 20 ng/mL 
for LPS. 



Figure 1. LPS response of NIH/3T3 cells transfected with TLR4 expression vector and 
NF-kB reporter plasmid. Scattergram of the LPS response (fold induction) of NIH/3T3 
cells transfected with TLR4 expression vector and NF-kB reporter plasmid exposed 
to different concentrations (0, 5, 10, 20, and 30 ng/mL) of LPS for 12 h. Each point 
was produced from at least 3 independent measurements. All values are presented as 
means ± S.D. (n>3). 




10 20 30 

Concentration of LPS (ng/mL) 



After fixing the concentration of the stimulus, the exposure time-course was studied. A series of 
exposure times (2, 6, 12, 18 h) was investigated. As shown in Figure 2, with the extension of exposure 
time, the relative luciferase activity was increased until 12 h after which it decreased. Although there is 
a lot of variability compared with its neighbors, it shows a preferable LPS response. 
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Figure 2. LPS exposure time-course of NIH/3T3 cells transfected with TLR4 expression 
vector and NF-kB reporter plasmid. Scattergram of LPS response (fold induction) of 
NIH/3T3 cells transfected with the TLR4 expression vector and NF-kB reporter plasmid 
exposed to 20 ng/mL LPS with a series time of exposure. Each point was produced from at 
least 3 independent measurements. All values are presented as means ± S.D. (n > 3). 



c 

£ ° 
2 3 

8 = 

_i o 



1 - 



4 6 8 10 12 14 16 18 20 

LPS exposure time (h) 



NIH/3T3 cells transfected with NF-kB reporter plasmid were designated as sensor cells for 
inflammation. In the interest of clarity, Figure 3 shows the LPS response of sensor cells without LPS 
stimulation (Figure 3, open bar), and also sensor cells without (Figure 3, solid gray bar) or with (Figure 3, 
solid black bar) TLR4 expression vector transfection, for which LPS was used at a concentration of 
20 ng/mL for 12 h. It is clear that with only the NF-kB reporter gene, a two-fold increase in the LPS 
response can be observed. After adding the TLR4 expression vector, the LPS response significantly 
increased by about 4-fold compared with that without the TLR4 expression vector. And compared with 
the control sample (without LPS stimulation), it was about 8-times higher. The P values were 
calculated and are shown. Furthermore, NF-kB responding sensor cells, K562 [25], were also tested to 
compare them under the same conditions. The resulting data (not shown) showed that our sensor cells 
with the TLR4 expression vector have an even higher LPS response than the K562 cells. The data thus 
confirmed that our sensor cells with the NF-kB reporter gene and TLR4 expression vector are highly 
capable of detecting inflammation through the NF-kB pathway caused by LPS. 

Since our sensor cells showed promise to detect inflammation through NF-kB pathway activation 
caused by LPS, we used them to evaluate the safety of nanomaterials. Two different sizes of TiC>2 NPs 
agglomerates were prepared from the same primary TiC>2 NPs (P25) and sensor cells were exposed to 
them. The two sizes of TiC>2 NPs were measured and are abbreviated as small TiC>2 NPs (169 ± 55 nm) 
and large Ti0 2 NPs (572 ± 243) (Figure 4). 

Figure 5 shows a histogram of the NPs dose-response of NIH/3T3 cells transfected with the TLR4 
expression vector and NF-kB reporter plasmid exposed to different concentrations (0.1, 1, and 10 ng/mL) 
of small TiC>2 NPs for 10 h. The data show that the Ti02 NPs dose-response was not large. With 
increasing concentrations of TiC>2 NPs, the TiC>2 NPs response increased slightly, so we therefore set 
the concentration at 10 ng/mL for subsequent experiments. 
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Figure 3. Effect of TLR4 expression vector on LPS response. Histogram of the LPS 
response (luciferase activity, SV40) of control cells (with TLR4 expression vector and 
NF-kB reporter gene, but without LPS exposure, open bar) and relative luciferase activities 
(SV40) of NIH/3T3 sensor cells without (solid gray bar) and with (solid black bar) TLR4 
exposed to 20 ng/mL LPS for 12 h. All values are presented as means ± S.D. (n > 3). 
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Figure 4. Ti02 NP agglomerate size distributions measured by dynamic light scattering 
analysis. Open diamonds show the size distribution of small TiC>2 NPs, and black solid 
diamonds show the size distribution of large TiC>2 NPs. 
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Two kinds of HO2 NPs were used, similar to what we previously used for mRNA expression 
analysis [19]. In our former work, we measured the mRNA expression of biomarkers related to stress, 
inflammation, and cytotoxicity in TiC>2-NPs-exposed cells, and found that compared with the small 
aggregated TiC>2 NPs (about 170 nm in average diameter), large aggregated TiC>2 NPs (about 600 nm 
in average diameter) showed a larger effect on cell viability and gene expression, such as for 
inflammation markers IL-6, IL-8, and TNF [19]. A bar chart (Figure 6) shows TiC>2 NPs response data 
collected by sensor cells without (open bar) and with exposure to 10 ng/mL small aggregated TiC>2 
NPs (solid gray bar) and large aggregated TiC>2 NPs (solid black bar) for 10 h. Compared with the 
control sample (without TiC>2 NPs stimulation), the sensor cells showed a clear TiCh NPs response for 
both sizes. The P values also affirm this response. But although we introduced the TLR4 expression 
vector, the response intensity level was not increased to the same extent as with LPS. 



Sensors 2011, 11 



7226 



Figure 5. NP dose-response of NIH/3T3 cells transfected with TLR4 expression vector and 
NF-kB reporter plasmid. Histogram of TiC>2 NPs response (fold induction) of NIH/3T3 
cells transfected with the TLR4 expression vector and NF-kB reporter plasmid exposed to 
different concentrations (0.1, 1, and 10 ng/mL) of small aggregated TiC>2 NPs for 10 h. 
Each point was produced from at least three independent measurements. All values are 
presented as means ± S.D. (n > 3). 
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Figure 6. Large and small TiC>2 NPs response of NIH/3T3 cells transfected with TLR4 
expression vector and NF-kB reporter plasmid. Histogram of TiC>2 NPs response 
(luciferase activity, SV40) by prepared sensor cells without (open bar) and with exposure 
to 10 ng/mL small aggregated TiC>2 NPs (solid gray bar) and large aggregated TiC>2 NPs 
(solid black bar) for 10 h. Each plot was produced from at least three independent 
measurements. All values are presented as means ± S.D. (n > 3). 
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3.2. Discussion 



In our previous work [19], we measured the mRNA expression of several notable biomarkers. Some 
biomarkers, such as IL-6, IL-8, and TNF, showed a response upon exposure to TiC>2 NPs. These 
biomarkers are closely tied into NF-kB pathway activation. But because of the complex cellular 
environment, and the stability of mRNA, a response based on the luciferase activity of sensor cells 
using only the transfection of an NF-kB reporter gene was unsatisfactory. So we first tried to improve 
the ability of sensor cells to detect pre-inflammation through the NF-kB pathway. 
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TLR4, a transmembrane protein, plays a very important role in the innate immune system by 
recognizing LPS and triggering an immune response through the NF-kB pathway. It is well known that 
members of the TLR family can be found on the surfaces of many mammalian cells, and humans have 
at least ten TLRs, several of which have been shown to play important roles in innate immune 
recognition. Although different human TLRs are activated in response to different ligands, many of 
them use NF-kB pathway activation to promote gene expression to initiate an inflammatory response. 
TLRs are abundant on the surfaces of macrophages and neutrophils, as well as on epithelial cells lining 
the lung and gut. They act as an alarm system to alert both the innate and adaptive immune systems 
that an infection is brewing. In order to greatly improve the performance of our sensor cells for 
detecting pre-inflammation through NF-kB pathway activation, a TLR4 expression vector was 
transfected into NIH/3T3 cells. The pGL3 plasmid was also used as a negative control in parallel trials. 

Additionally, LPS, a major component of the outer membrane of Gram-negative bacteria, has been 
widely used for experimental research due to its role in activating many transcription factors. LPS 
forms a complex with LPS-binding protein (LBP) in the blood, and the complex binds to the 
GPI-anchored receptor Cluster of differentiation 14 (CD 14) on the surface of cell membranes. Then it 
forms a complex with TLR4and MD2 (Lymphocyte antigen 96). Through this process, TLR4 becomes 
activated, which result in a series of responses on the cytoplasmic side of the membrane, including 
interaction with myeloid differentiation protein 88 (MyD88), activation of interleukin-1 receptor 
associated kinase (IRAK), association with tumor-necrosis-factor-receptor-associated factor 6 
(TRAF6), and finally degradation of IkB. Eventually, NF-kB promotes LPS immune and inflammatory 
responses in the nucleus as described previously [26]. 

We did a series of TiC>2 NPs tests as we did for LPS, including exposure time-course and 
dose-response investigation. Exposure time-course data indicated that the response peaked at 10 h and 
declined thereafter for TiC>2 NPs. Concerning the inconsistency with the LPS data, one reason might be 
that the mechanism by which TiC>2 NPs induces activation of NF-kB is different from that of LPS. 
Another speculative possibility is the inhibitory effect of the TLR4 expression vector. It has been 
reported that, after an initial inflammatory stage, TLRs are down regulated in response to titanium 
particles, possibly to inhibit excessive inflammation [27]. This leads us to surmise that not only is 
TLR4 involved in the nanoparticle-induced immune reaction, but that NF-kB activation is promoted by 
two or more receptors from the TLR family or from other families, in addition to other possible causes. 

The dose-response data for TiC>2 NPs showed that the dose did not have a large effect. We have 
already shown that NF-kB responsive genes, such as IL-6 mRNA, increased about 10-fold by TiC>2 
NPs treatment [19]. In our opinion, these small differences were due to the low sensitivity of the 
testing method. Although the response level was not high, our sensor cells showed a TiC>2 NPs 
response, and can possibility be used to assess the inflammation started by TiC>2 NPs. In our opinion, 
the immune response induced by TiC>2 NPs is a complex process in which several receptors might 
contribute to inflammation activation. In future work, we will try to incorporate multiple concurrent 
receptors to detect nanomaterials. 
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4. Conclusions 

In this study, in order to create an effective detection system for inflammation by monitoring of 
NF-kB pathway activation, a TLR4 expression vector and NF-kB reporter plasmid were transfected 
into NIH/3T3 cells to construct a live cell-based biosensor. The LPS response of our sensor cells 
detected inflammation through NF-kB pathway activation (around an 8-fold increase), and the data 
showed a significant dose-effect in a time-dependent manner. For nanoparticles (TiC>2 NPs), a TiC>2 
NPs response by the sensor cells was found; however, the detectability requires improvement. 
Difficulties in the detection could be caused by confounding factors such as concurrent receptors. By 
combining this system with other methods, our sensor cells could potentially be used to evaluate the 
safety of bio-nanomaterial. 

References 

1. Wang, Y.; Gao, S.; Ye, W.H.; Yoon, H.S.; Yang, YY. Co-delivery of drugs and DNA from 
cationic core-shell nanoparticles self-assembled from a biodegradable copolymer. Nat. Mater. 
2006, 5, 791-796. 

2. Ulbrich, K.; Knobloch, T.; Kreuter, J. Targeting the insulin receptor: nanoparticles for drug 
delivery across the blood-brain barrier (BBB). J. Drug. Target. 2011, 19, 125-132. 

3. Tetard, L.; Passian, A.; Venmar, K.T.; Lynch, R.M.; Voy, B.H.; Shekhawat, G. Dravid, V.P.; 
Thundat, T. Imaging nanoparticles in cells by nanomechanical holography. Nat. Nanotechnol. 
2008, 3, 501-505. 

4. Weinstein, J.S.; Varallyay, C.G.; Dosa, E.; Gahramanov, S.; Hamilton, B.; Rooney, W.D.; 
Muldoon, L.L.; Neuwelt, E.A. Superparamagnetic iron oxide nanoparticles: Diagnostic magnetic 
resonance imaging and potential therapeutic applications in neurooncology and central nervous 
system inflammatory pathologies, a review. J. Cereb. Blood Flow Metab. 2010, 30, 15-35. 

5. Maynard, A.D. Nanotechnology: A Research Strategy for Addressing Risk; Woodrow Wilson 
International Center for Scholars: Washington, DC, USA, 2006; pp. 10-11. 

6. Wu, J.; Liu, W.; Xue, C; Zhou, S.; Lan, F.; Bi, L.; Xu, H.; Yang, X.; Zeng, F.D. Toxicity and 
penetration of TiC>2 nanoparticles in hairless mice and porcine skin after subchronic dermal 
exposure. Toxicol. Lett. 2009, 191, 1-8. 

7. Kreilgaard, M. Influence of microemulsions on cutaneous drug delivery. Adv. Drug Deliv. Rev. 
2002, 54, S77-S98. 

8. Bermudez, E.; Mangum, J.B.; Wong, B.A.; Asgharian, B.; Hext, P.M.; Warheit, D.B.; Everitt, J.I. 
Pulmonary responses of mice, rats, and hamsters to subchronic inhalation of ultrafine titanium 
dioxide particles. Toxicol. Sci. 2004, 77, 347-357. 

9. Liu, S.; Xu, L.; Zhang, T.; Ren, G.; Yang, Z. Oxidative stress and apoptosis induced by nanosized 
titanium dioxide in PC12 cells. Toxicology 2010, 267, 172-177. 

10. Linak, W.P.; Miller, C.A.; Seames, W.S.; Wendt, J.O.L.; Ishinomori, T.; Endo, Y.; Miyamae, S. 
On trimodal particle size distributions in fly ash from pulverized-coal combustion. Proc. Combust. 
Inst. 2002, 29, 441-447. 



Sensors 2011, 11 



7229 



11. Xue, C; Wu, J.; Lan, F.; Liu, W.; Yang, X.; Zeng, F.; Xu, H. Nano Titanium Dioxide Induces the 
Generation of ROS and Potential Damage in HaCaT Cells Under UVA Irradiation. J. Nanosci. 
Nanotechnol. 2010, 10, 8500-8507. 

12. Kiss, B.; Biro, T.; Czifra, G.; Toth, B.I.; Kertesz, Z.; Szikszai, Z.; Kiss, A.Z.; Juhasz, I.; 
Zouboulis, C.C.; Hunyadi, J. Investigation of micronized titanium dioxide penetration in human 
skin xenografts and its effect on cellular functions of human skin-derived cells. Exp. Dermatol. 
2008,77, 659-667. 

13. Adachi, K; Yamada, N.; Yamamoto, K; Yoshida, Y.; Yamamoto, O. In vivo effect of industrial 
titanium dioxide nanoparticles experimentally exposed to hairless rat skin. Nanotoxicology 2010, 
4, 296-306. 

14. Sadrieh, N.; Wokovich, A.M.; Gopee, N.V.; Zheng, J.; Haines, D.; Parmiter, D.; Siitonen, P.H.; 
Cozart, C.R.; Patri, A.K; McNeil, S.E.; Howard, P.C.; Doub, W.H.; Buhse, L.F. Lack of 
Significant Dermal Penetration of Titanium Dioxide from Sunscreen Formulations Containing 
Nano- and Submicron-Size Ti02 Particles. Toxicol. Sci. 2010, 115, 156-166. 

15. Burnett, M.E.; Wang, S.Q. Current sunscreen controversies: A critical review. Photodermatol. 
Photoimmunol. Photomed. 2011, 27, 58-67. 

16. Schulz, J.; Hohenberg, H.; Pfliicker, F.; Gartner, E.; Will, T.; Pfeiffer, S.; Wepf, R.; Wendel, V.; 
Gers-Barlag, H.; Wittern, K.P. Distribution of sunscreens on skin. Adv. Drug Deliv. Rev. 2002, 54, 
S157-S163. 

17. Long, T.C.; Saleh, N.; Tilton, R.D.; Lowry, G.V.; Veronesi, B. Titanium Dioxide (P25) Produces 
Reactive Oxygen Species in Immortalized Brain Microglia (BV2): Implications for Nanoparticle 
Neurotoxicity. Environ. Sci. Technol. 2006, 40, 4346-4352. 

18. WHO. Carbon Black, Titanium Dioxide, and Talc. In IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans; IARC: Lyon, France, 2010; Volume 93, pp. 193-275. 

19. Okuda-Shimazaki, J.; Takaku, S.; Kanehira, K; Sonezaki, S.; Taniguchi, A. Effects of Titanium 
Dioxide Nanoparticle Aggregate Size on Gene Expression. Int. J. Mol. Sci. 2010, 11, 2383-2392. 

20. Tran, K; Merika, M.; Thanos, D. Distinct functional properties of MBa and IkB[3. Mol. Cell Biol. 
1997,77,5386-5399. 

21. Taniguchi, A. Live cell-based sensor cells. Biomaterials 2010, 31, 591 1-5915. 

22. Wada, K.I.; Taniguchi, A.; Okano, T. Highly sensitive detection of cytotoxicity using a modified 
HSP70B' promoter. Biotechnol. Bioeng. 2007, 97, 871-876. 

23. Wada, K.I.; Taniguchi, A.; Kobayashi, J.; Yamato, M. Live cells-based cytotoxicsensorchip 
fabricated in a microfluidic system. Biotechnol. Bioeng. 2008, 99, 1513-1517. 

24. Wada, K.I.; Hamaguchi, Y.; Furukawa, K; Taniguchi, A. DNA Damage Sensible Engineered 
Promoter for Cellular Biosensing of Cytotoxicity. Biotechnol. Bioeng. 2009, 102, 1460-1465. 

25. Schumacher, M.; Dicato, M.; Diederich, M. Improved Response Ratio for NF-kB Inhibition 
Analysis Using New Luciferase Reporter Vector (pGL4.32[luc2P/NFicB-RE/Hygro]). Cell Notes 
2008, 21, 18-19. 

26. Stewart, I.; Schluter, P.J.; Shaw, G.R. Cyanobacterial lipopolysaccharides and human health — A 
review. Environ. Health 2006, 5, doi:10.1 186/1476-069X-5-7. 



Sensors 2011, 11 



7230 



27. Pajarinen, J.; Mackiewicz, Z.; Pollanen, R.; Takagi, M.; Epstein, N.J.; Ma, T.; Goodman, S.B.; 
Konttinen, Y.T. Titanium particles modulate expression of Toll-like receptor proteins. J. Biomed. 
Mater. Res. A 2010, 92, 1528-1537. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



